In addition to material rewards (such as money, food, and liquid), various social signals, including facial attractiveness, are perceived as incentives. Although material and monetary rewards are known to enhance various aspects of cognitive performance, it is not clear whether and how social signals affect cognition. The present study focused on facial attractiveness and investigated its effects on working memory. In addition, we used near-infrared spectroscopy (NIRS) to characterize the activation in the dorsolateral prefrontal cortex (DLPFC), an area known to be involved in the processing of reward-related cues in working memory. Our results show that compared to the non-reward condition, the cue for attractive faces enhanced working memory performance, but DLPFC activation did not differ between these two conditions. These results provide new evidence that facial attractiveness enhances verbal working memory performance and function via neural mechanisms different from those characterized for other types of rewarding cues.
Interestingly, anticipation and reception of monetary reward enhances performance in various types of cognitive tasks (e.g., working memory task [Beck et al., 2010; , simple response task [Ballard et al., 2011] , and task switching ), and activates cognition-associated frontoparietal regions, including the dorsolateral prefrontal cortex (DLPFC), and reward-related brain regions, e.g., the striatum and VTA (Ballard et al., 2011; Beck et al., 2010) . Specifically, the DLPFC is believed to flexibly modulate cognitive functions depending on the amount of monetary incentives by indirectly interacting with subcortical systems, such as the striatum and VTA .
Given that social signals also activate the reward-related brain regions that overlap partially with the areas activated by monetary rewards, it is hypothesized that social signals may serve to enhance cognitive performances due to the anticipation and reception of rewarding social stimuli. However, a previous study indicated that for identical tasks, different rewards (money or liquid) were associated with distinct brain activation patterns (Amano & Kondo, 2000) . This suggests that diverse mechanisms underlie the cognitive performance enhancement induced by different incentives. However, to the best of our knowledge, no study has investigated the effects of social rewards on cognitive performance and the underlying neural mechanisms, although some studies have investigated the brain activation underlying the effect of facial attractiveness on the memory of the attractive faces themselves (Marzi & Viggiano, 2010; Tsukiura & Cabeza, 2011a) . In the present study, we examined the effect of social rewards on cognitive performance. We specifically focused on the socially necessary function of working memory. Simultaneously, we assessed activation of the DLPFC, which is involved in working memory processes and is activated during monetary-rewarded trials (Beck et al., 2010; D'Esposito, 2007; . For doing this, we used near-infrared spectroscopy (NIRS) and adopted an experimental design identical to that used for directly comparing neural activation between rewarded and non-rewarded conditions of a working memory task . We predicted that if the anticipation of viewing attractive faces incentivizes working memory function, then the accuracy and reaction time in working memory tasks would be enhanced in reward trials. Furthermore, we hypothesized that, if the task performance was enhanced by the same process involved in enhancing performance for a monetary reward, then DLPFC activation would be higher during reward trials than during non-reward trials.
Methods

Participants
Thirty-eight native Japanese speakers (19 men, 19 women, M age = 20.82, age range = 19-25 years) participated in the experiment. Each participant provided written, informed consent. The study protocol was approved by the ethical committee of Kyoto University.
Materials
One thousand Japanese words were selected from the NTT (Nippon Telegraph and Telephone) database (Amano & Kondo, 2000) . Each word consisted of four letters, and the familiarity of the words was equal to or higher than five on a seven-point Likert scale. Words containing prolonged sound marks and small letters were eliminated to control for word appearance. No words were presented more than once during the experiment.
To generate attractive faces, composite images were prepared using the software Fanta Morph5 (http:// www.fantamorph.com/jp/). Famous faces obtained from the Internet were used as base images; the images were not rated exactly because they were presented at the end of the experiment. This ensured that attractiveness of the images did not affect task performance as the images were presented only after the behavioral task. Two gender-matched faces were randomly selected, and synthesized by Fanta Morph5. In total, 20 pictures were prepared for each gender. Visual stimuli were presented by using Hot Soup Processer 3.3 (HSP, http://hsp.tv/) run on a Windows PC. Stimuli were displayed to participants on a 17-inch screen.
Task and Procedure
The task procedure was essentially identical to that of Jimura et al. (2010) . At the beginning of each trial, a fixation cross was presented for 500 ms, followed by the reward cue presented on the center of the screen for 1.0 s. The reward cue indicated whether the participants would receive a reward for making a correct response within the cut-off time (Fig. 1) . Immediately after the reward cue, the 5-word memory set was presented on the screen for a 2.5-s encoding period, followed by a 3.5-s delay as a retention interval. After the delay, a probe word was presented until the cut-off time (mean ± SD = 601.9 ± 90.3 ms), which was set for each participant based on their average correct reaction time, as observed in practice trials. A response indicating whether or not the probe matched an item in the memory set was indicated by using corresponding keys, one of which was assigned as "matched" and the other was assigned as "not matched" (the key positions were counterbalanced). Participants were encouraged to respond both accurately and quickly. After the response period, feedback was displayed for 2.0 s. In rewarded trials, correct responses made before the cutoff time were followed by a visual feedback indicating the reward received ("attractive face + 1"). Conversely, incorrect responses or responses made after the cut-off time were followed by a visual feedback indicating that no reward was received ("--"). In non-incentive trials, correct responses were followed by a neutral message ("Next Trial Coming Up"). The next trial started after the inter-trial interval lasting 7.5-12.5 s with 2.5-s steps. Acquired rewards (composite images of two attractive famous persons who were of the opposite sex from the participants) were shown to the participants after completion of the experiment. Participants practiced the task before the experimental sessions, which lasted until participants could response correctly on more than eight out of 10 trials. They received prior instructions about the task procedure and additional rewards, when they saw an example of attractive faces. For additional rewards, participants received fake information that the attractiveness of the faces in the reward stimuli were guaranteed by a prior survey and that they could take back the data of the attractive faces they acquired during the task. This protocol was adopted to conform to the referential study as well as to eliminate the potential influences of individual differences in subjective value for evaluating attractiveness of faces on processing during the working memory task. They were debriefed about this false information at the end of the experiment.
The present study employed a blocked design that enabled measurement of sustained brain activity. Two types of task blocks were administered: the rewarded block (R+ block) and non-rewarded block (Rblock). The R+ block consisted of two types of pseudo-randomly intermixed trials: reward trials and nonreward trials. The R-block consisted of only non-reward trials. The first trial of the R+ block was never a non-reward trial, and the non-reward trials always followed a reward trial. One R+ block involved two nonreward trials and eight reward trials. Each task block consisted of 10 trials and lasted between 170 and 220 s. Each type of block was conducted twice, following and interleaved by fixation blocks lasting 40 s. Order of the blocks was counterbalanced.
NIRS data acquisition
NIRS measurements were carried out with a 42-channel NIRS system (FOIRE-3000, Shimadzu Corporation, Japan). The NIRS apparatus measures changes in oxy-hemoglobin (oxy-Hb), deoxy-hemoglobin (deoxy-Hb), and total hemoglobin (total-Hb) levels in the cortical regions of the brain using a reflectance mode with three different wavelengths (780, 805, and 830 nm) of near-infrared light, based on the modified Beer-Lambert law (Delpy et al., 1988) . The distance between the emitter and detector was set at 3 cm. Twenty-seven probes were mounted on the forehead with a purpose-built probe holder, whose channel numbers 18 and 25 were placed on F6 and F5, respectively, according to the extended international 10-20 system (Oostenveld & Praamstra, 2001 ). For each participant, the three-dimensional spatial position of the probes was measured by a digitizer (FASTRAK, POLHEMUS, US; Fig. 2 ).
NIRS data analysis
Since change in oxy-Hb level is the most sensitive indicator of changes in regional cerebral blood flow The average difference between the levels in the task condition and baseline was defined as the size of activation (Doxy-Hb). We analyzed activation of the DLPFC, as a region of interest, using measurements obtained from channels 9-10, 16-19, and 24-25. The raw hemodynamic signals were filtered with a low-pass filter (0.5 Hz, 5-order). Fig. 3a shows the response accuracy (number of correct response) in the R+ and Rconditions. A paired t-test revealed a trend (t (37) = 1.84, p = 0.074 d = 0.19) indicating that participants tended to be more accurate in the R+ condition than in the R-condition. Furthermore, the reaction time was significantly faster in the R+ condition compared to the R-condition (t (37) = 3.67, p = 0.001, d = 0.20; Fig. 3b ). These data show that the reward manipulation used in the R+ condition significantly enhanced the participants' performance in a Sternberg-type working memory task.
results
Behavioral data
NIRS data
To clarify the reward effect on DLPFC activation, we compared the Doxy-Hb between the two conditions. However, we could not find any significant differences (p > 0.29; e.g., Fig. 4 ). These data suggest that the difference between the two conditions (rewarded with the attractive faces or not) did not affect the sustained activity in the DLPFC during the task.
Relationship between behavioral performance and neural responses
We analyzed the patterns of DLPFC activation, as well as the correlation between behavioral performance and DLPFC activation. However, we could not find any remarkable correlation (between accuracy and DLPFC activation: |rs| < 0.313; between RT and DLPFC activation: |rs| < 0.378). This result indicates, in conjunction with our NIRS data, that the behavioral enhancement observed in the R+ block cannot be explained by changes in DLPFC activation.
dIscussIon
Our results suggest that anticipation of seeing attractive faces enhanced working memory performance. The reaction time was significantly enhanced in the R+ condition compared to the R-condition, which is consistent with previous findings (Beck et al., 2010; Jimura et al., 2010) . In addition, accuracy was marginally enhanced in our R+; this was not reported in previous studies. Participants did not receive any additional rewards during the task, suggesting that the anticipated reward of viewing attractive faces enhanced working memory performance. Our results also show that reward manipulation in the R+ condition enhanced the participants' performance in verbal working memory tasks, whereas it did not significantly affect DLPFC activity during the task.
Interestingly, the present results show similar activation of the DLPFC, irrespective of the rewarding cue. This finding differs from those of previous studies that used monetary reward , indicating that the neural processes responsible for enhancing cognitive performance may differ between monetary and social rewards (attractive faces). This interpretation is consistent with the findings of Beck et al. (2010) , who reported that the difference of reward (money or liquid) influences the brain activation pattern, even when all other elements of the task are identical. These authors reported that the DLPFC was activated sustainably throughout the rewarded block when the trials were rewarded with money, whereas a liquid reward induced sustained activation in the striatum, instead of the DLPFC. Attractive faces may enhance working memory performance by activating the striatum, rather than the DLPFC. Working memory recruits not only the DLPFC, but also the anterior cingulate cortex (Bush, Luu, & Posner, 2000) , parietal region (Cohen et al., 1997; Jimura et al., 2010) , medial temporal lobe (Kelley et al., 1998; Olson, Page, Moore, Chatterjee, & Varfaellie, 2006) , and basal ganglia (Klingberg, 2010; McNab & Klingberg, 2008; O'Reilly & Frank, 2006) . Therefore, the reward effect of attractive faces observed in our study may involve other brain regions, including the striatum. On the other hand, we cannot eliminate the possibility that the difference in activation patterns is simply attributable to task difficulties. A previous finding that time pressure for decision-making caused activation of the striatum and pre-supplementary motor area (Forstmann et al., 2008) suggests the possibility of such activation in our experiment, which set relatively lower cut-off time compared to that in previous experiments (the average cut-off time in our study was 601.9 ms, while the cut-off time used in previous studies was considerably longer at 946.0 ms; Beck et al., 2010; Jimura et al., 2010) . Thus, possibly, the neural processes active during working memory tasks may differ between our study and that of Jimura et al. (2010) because of the time pressure. In such a scenario, attractive faces might have enhanced reaction time in a manner different from that observed in previous research, independent of reward difference. To clarify the presence or absence of activation change in other brain regions, which were not research of interests of the present study, future research using whole brain imaging techniques (e.g., functional magnetic resonance imaging or positron emission tomography) is needed.
Our research suggests that people's performance can be enhanced simply by the expectation of meeting or seeing attractive people, and not only because of the social benefits mentioned in our Introduction. This implies that appropriate staffing and mobility in communities may enhance the cognitive performance of members by "the attractiveness effect." Such an effect could be beneficial for motivating goal achievement in students and businesses.
However, several key questions regarding attractiveness-induced cognitive enhancement remain unanswered. In everyday situations, perception of or contact with attractive people does not always arise as a direct reward of activities. Further, reward acquisition is usually delayed for minutes to hours, leading to questions of the practicality of using attractive stimuli as reward reinforcement. Our results showed a specific condition in which attractive faces presented after a short delay affected task performance. Additional investigation is needed to investigate the possible application in real world situations. Moreover, as attractiveness is only one of many potential social rewards, this study is just the first step to elucidate the effects of social rewards on motivation and performance.
In conclusion, the present study provides new evidence that the facial attractiveness, which is an important social reward, enhances verbal working memory performance. Furthermore, NIRS findings indicate that this cognitive enhancement is accomplished by neural mechanisms different from those previously proposed in the context of other rewards. Further behavioral studies with concurrent measurements of brain functions are necessary to clarify the relationship between a reward and its effectiveness to enhance cognitive performance.
